Articles you may be interested in
Determination of the deep donor-like interface state density distribution in metal/Al 2 O 3 /n-GaN structures from the photocapacitance-light intensity measurement A metal/insulator/semiconductor (MIS) capacitor is a fundamental structure to study the insulator/semiconductor interface, especially to assess the energetic distribution of the interface states in the semiconductor bandgap, D it ðEÞ. One of the methods for the determination of D it ðEÞ is the Terman technique, in which the capacitance-voltage [C(V)] dependence measured at high frequency from the MIS diode is compared with the theoretical C(V) curve calculated for the ideal device, i.e., without interface states. 2, 3 This approach works very well for Si-based structures, however, in the case of wide bandgap semiconductors, e.g., GaN (bandgap of 3.4 eV at room temperature) and SiC (from 2.36 to 3.23 eV depending on polytype), very slow emission of carriers from the deep interface states to the conduction band (in n-type semiconductor) limits the energies for which D it ðEÞ can be determined at room temperature to the interval approximately from E C À1 eV to E C , where E C is the conduction band minimum, 4, 5 which is only about 1/3 of the bangap. In order to excite carriers from the deeper levels, higher temperature, [6] [7] [8] or light 9 can be applied. Using the former factor is limited by electrode thermal strength; thus, light seems to be more convenient for applications for device characterization. The photo-assisted capacitance measurement is sometimes used, but it is limited to the estimation of the total interface charge captured in the deep levels and released by the light [10] [11] [12] or average D it ðEÞ.
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In this letter, we developed a method for the determination of the interface state density distribution, D it ðEÞ, in the most part of the bandgap in n-GaN MIS structures. This approach is based on the combination of the Terman-like technique, which enables obtaining D it ðEÞ in the upper part of the bandgap (step 1) from the high-frequency C(V) characteristics, with the measurement of the photocapacitance versus light intensity C L ðUÞ(step 2) supplying the information about the deep states in the bottom part of the bandgap. As a result of the measurement and analysis of two complementary dependencies C(V) and C L ðUÞ, the D it ðEÞ spectrum in the large part of the bandgap can be obtained, in particular the deep donor states located near the valance band, which are extremely difficult to determine using standard electrical methods.
Our approach was applied in the determination of the continuous D it ðEÞ spectrum for the metal/Al 2 O 3 =GaN structure. The device was fabricated using free standing n-GaN wafer (the doping level of 4 Â 10 16 cm À3 ). The Al 2 O 3 layer with a thickness of 23 nm was deposited by means of electron-cyclotron-resonance plasma-assisted process with an Al organic compound. The capacitance and photocapacitance were measured at 100 kHz by an impedance analyzer at room temperature. During the C L ðUÞ measurement, the gate bias of V G ¼ À1:5 V was applied and He-Cd laser light with a wavelength of 325 nm, and maximum power of 16 mW was used. The typical measured C L transients after switch on and off the UV light are shown in Fig. 1 . The steady-state condition was achieved after about 10 min. After switch off the light the photocapacitance is at first reduced relatively fast to a certain level which is then decreasing slowly. This latter effect is related to the long emission time of the carriers captured by the deep interface states. The applying of positive bias was necessary to obtain the initial state. We measured a very low leakage current of less than 3 Â 10 À8 A=cm 2 which is negligibly small for the C-V and photocapacitance experiments. More details of structure fabrication technology can be found in Ref. 9 .
The analysis of the experimental C(V) and C L ðUÞ characteristics was based on the independence of the two applied measuring steps, which can be explained in terms of the dark Fermi level and photo-generated carrier densities or quasiFermi levels for electrons (E Fn ) and for holes (E Fp ) as shown in Fig. 2 . In the case of the n-GaN-based device in the dark (step 1), the Fermi level scans the upper part of D it ðEÞ upon the negative gate bias. Under illumination and negative gate potential (step 2), the photo-generated holes are attracted to the interface and their density depends highly on the light intensity, whereas the electrons are repelled from the interface. The excess holes can be captured by the donor interface states which charge positively whereas the acceptor states do not charge negatively due to the lack of electrons at the interface. Using the concept of the quasi-Fermi levels, one can say that E Fp scans the bottom part of D it ðEÞ during illumination due to increasing U whereas E Fn is almost U-independent.
To calculate the capacitance and photocapacitance of the studied MIS structure, we used one-dimensional drift-diffusion model.
14 Under illumination by photons with energy above the bandgap, we assumed that each absorbed photon generates one electron-hole pair and the generation rate decreases exponentially with the distance from the interface according to the Beer-Lambert law. We took into account three main bulk recombination channels, i.e., band-to-band and Shockley-Read-Hall (SRH) recombination, and transitions through acceptor deep levels (related to so-called yellow luminescence), and also interface recombination through the continuous interface states distributed vs. energy according to the disorder induced gap state (DIGS) model 15 ( Fig. 2 )
where D it0 is the minimum density, E CNL is the charge neutrality level (E CNL ¼ E C À 1:1 eV in GaN) which is independent of insulator and interface treatment, E 0d ðE 0a Þ and n d ðn a Þ describe the shape of the donor (acceptor) branch of the interface states below (above) E CNL , and they depend on insulator and interface processing. The DIGS states are attributed to a quasi-amorphous nature of the insulator/semiconductor interface.
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where r n and r p are the interface state cross sections for capturing electron and holes, respectively, and n s and p s are the interface concentrations of electrons and holes, respectively. n 1 ðEÞ ¼ N C exp½ðE À E C Þ=ðkTÞ and p 1 ðEÞ ¼ N V exp½ðE V À EÞ= ðkTÞ, where N C and N V are the effective densities of states in the conduction and valence band, respectively, k is the Boltzmann constant, and T is the temperature. In the dark, f it ðEÞ is just the Fermi-Dirac distribution.
The charge in the DIGS states (Q it ) is described by the following formula:
where Q Dit is the donor-like state charge and Q Ait is the acceptor-like state charge. The interface electric field strength is given by
where 0 is the vacuum permittivity and is the relative permittivity of GaN. The interface recombination rate is given by the formula from SRH model generalized to the continuous energetic distribution of the traps
where v n and v p are the thermal velocities of electrons and of holes, respectively. The boundary conditions are imposed by V G ; E it and U it at the insulator/GaN interface, and by zero potential at the Ohmic contact.
The model equations were solved self-consistently using the finite element method with a very good convergence (relative error at the level of 10 À6 ) to obtain the profiles of the carrier densities and of the electric potential in the MIS structure.
Finally, the capacitance and photocapacitance are calculated according to the following formula:
where Q is the total charge in the whole structure and ᭝V ¼ 0:01 V is the numerical equivalent of AC signal amplitude during C(V) measurements. In the calculation of C and C L , we assumed that the interface state charge cannot follow fast AC voltage signal but can follow the slow gate voltage sweep (high-frequency measurement). We excluded the influence of the interface states below E C À 1 eV on the dark C(V) curve, but we took them into account during the calculation of C L ðUÞ. It should be also mentioned that in nGaN in the dark, the hole concentration can be excluded even under strong negative gate bias (deep depletion) due to an extremely low generation rate. 13 Under illumination, the applied gate bias (V G ¼ À1:5 V) assured the non-radiative interface recombination quenching, as shown in the inset in Fig. 3 . The bell-like curves of U it vs. V G strongly decay upon negative bias from the maximum value (for p s ¼ n s ) due to electron repelling from the interface in spite of high D it ðEÞ and large interface state cross sections for electron capturing (r n ). Furthermore, the very low concentration of electrons (with respect to holes) in the depletion layer causes that the f it ðEÞ function, and thus Q it under UV excitation, is practically independent of r n and r p (Eq. (2)). It is also evident from Fig. 3 that the interface hole concentration ðp s Þ and thus the quasi-Fermi level position ðE Fp Þ is mainly determined by D it ðEÞ and not by the bulk SRH lifetime s. The latter parameter modifies p(x) only in the bulk. It also should be noted that in the calculations we excluded both the leakage current because of the high quality passivation of the investigated MIS structures, and interface fixed charge, which was excluded from C-V analysis. All these properties of MIS-GaN under UV-excitation provide the basis for the quantitative assessment of the deep donor interface states from the analysis of C L vs. U characteristics. Fig. 4 presents the dark C(V) curves calculated for different D it ðEÞ distributions, including the flat one as shown in the inset. The best fitting of theoretical dependencies to the experimental data is obtained for D it0 % 10 11 eV À1 cm
À2
(curve 1) which is in agreement with the results for the similar structures [16] [17] [18] obtained from the Terman technique and photo-assisted C-V technique. It should be pointed out that only D it ðEÞ in the upper part of the bandgap (approximately between E CNL and E C ) is determined at room temperature so the C(V) curve is insensitive to the bottom part of D it ðEÞ.
The second step of our method is presented in Fig. 5 which shows the measured C L ðUÞ curve (points) compared with the calculated ones for various D it ðEÞ (in the inset) in the bottom part of the GaN bandgap (approximately between E V and E CNL )). It should be noted that D it ðEÞ functions with different curvatures were chosen to result in the simulated C L ðUÞ curves close to the experimental data. For comparison, C L ðUÞ dependencies for ideal and very good (curve 4) interfaces were calculated to prove the high sensitivity of our method to low D it ðEÞ values. In addition, E Fp variations in the bandgap were simulated (curve 5, D it ðEÞ of curve 2) to show the energy range scanned during illumination in our experiment (between about 1 eV and 0.15 eV from the valence band top at the interface, E Vs ). The corresponding relationship between E Fp and C L ðUÞ is presented in the inset in Fig. 6 . From Fig. 5 it follows that the changes of C L vs. U are governed mainly by donor D it ðEÞ in terms of the positive interface charge Q Dit (Eq. (3)) variations upon excitation. In the U range up to the point A, the C L ðUÞ signal is related to the interface potential V s decrease (with respect to the dark band bending) caused by charging the donor states due to capturing photo-holes. One can note that the larger C L ðUÞ   FIG. 3 (curve 1 with respect to 3) corresponds to higher Q Dit which changes V s stronger than lower donor charge. On the contrary, in the range of stronger excitations above the point A, one can observe the opposite relationship among C L ðUÞ curves because in this case C L ðUÞ is mainly determined by free excess holes collected near the interface in GaN. Therefore, C L ðUÞ is larger for lower Q Dit (curve 3 with respect to 1 below the point B and curve 1 with respect to 3 above point B) since the holes captured by the donor states do not contribute to C L ðUÞ. The cross section point B corresponds to the situation when Q Dit reaches the same value for all assumed D it ðEÞ.
In Fig. 6 , we displayed the D it ðEÞ obtained in the large energy range both from the C L ðUÞ (about 1/3 of the bandgap) and C(V) (about 1/3) methods. It exhibits typical for the DIGS model almost symmetric U-like shape with the approximated minimum D it0 of about 10 11 eV À1 cm À2 . The determined distribution is in good agreement with the fragmentary data derived using the classical Terman technique. It should be enhanced that an important advantage of the C L ðUÞ method is its independence of bulk non-equilibrium effects. Furthermore, the described method can be used in the case of narrower bandgap semiconductors (using visible light instead of UV) at lower measurement temperatures. It is also worth mentioning that an alternative technique to the C L ðUÞ method is to investigate MIS structures using C-V technique in structures grown on both p-and n-type semiconductor.
In conclusion, we developed a method based on the analysis of photocapacitance versus UV excitation intensity for quantitative assessment of the donor-like interface state density D it ðEÞ in a wide energy range, which was successfully applied to the metal/Al 2 O 3 =n À GaN structure. We believe that the proposed approach will be very useful for characterisation of other wide bandgap material interfaces in cases where the standard electric methods fail. 
